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ABSTBACT 



This thesis begins with a short biography of the originator of 
the philosophy of science called Operationally, P. Srldgtaen. A 
brief sunstery of the foundations and basic tenets of the philosophy 
including sosmi of the difficulties encoimtered is then given. A 
justification of such a philosophy and its leportance is the topic of 
the ne»:t section* The third pert of the paper discusses two coapletely 
new laethods of eaeasurlng contact resistance in therooelectric devices. 
Included arc: practical considerations, techniques, neasurenents and 

results* finally it is shown that the solution to the engineering 
probloQ nanely, iseasurlng the contact resistance, is itself a serious 
objection to Operatlonallsra as it exists today. 
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imaoDUCTioa 

This thssls arose in a rotKidabout way frora an interest la Its 
second pert, the sMeasurcaenC of thermoelectric peraaeters. The relation 
of such oeasuresaents to Operatlonallsm was first atteispted to Justify 
the enlstence of the experimental part of the thesis. Now, however, 

It seems Just as important to tnodify a philosophy of science which has 
contributed so much to our society, and according to the results here, 
to present a more accurate case for the grounding of scientific concepts, 
as to solve the engineering problem Itself. 
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I, BIOCgAmY 

Percy W. BrldgtMin was bom in 1881 In Kewcon, !43ssachueefcts. He 
act«o4ad elementary and high schools in the Heutcn area and entered 
Harvard tkilversity in 1900. lie was awarded his A.B. in 1904^ A*H. In 
1905 and hla doctorate In Physics in 1908* Contianlng his research in 
high-pressure physica which ves elueys of interest to hiai/ he aede his 
first real contribution to the field in 1909* This was the discovery 
of a leak-proof packing which enabled him to build a pressure system 
which could reach and sustain more than 10,000 atmospheres (150,000 psi«). 

Sven this attainment did not satisfy him, however, for he went on to 
build equipnenc end run experiments et pressures of 100,000 etuiosphcres 
regularly, and in a few cases, at pressures far above this. 

Bridgeman*s experiments in high pressure physics far outdistanced 
the corresponding theoretical work. Today theoreticians are using data 
that were obtained by Bridgaan yaars ago in att^pts to bring theory 
up-to-date* His data were characterized as cosing in ’*mou’uds.” (31, Purcell) * 

Another inportant contribution to physics (and other disciplines) 
was his development of a hlgh-tempcrature furnace . Using either resistance 
wire or induction heating, the temperature cf the furnace Jisaps from room 
temperature to above the melting point of the material involved. 



* Rts3d>ars in parenthesis refer to references listed in the bibliography 
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¥lmlly, la his laboratory in the basooent at Harvard, 'lie made lee 
that siiiks, ice that eelta at a temperature higher than boiling uater; 
hie preaeure equipneot caused copper and sulfur to unite explosively, 
blssKith and tin to alloy and red phosphorus to turn to black phosphorus.'* (35) 

Brldgomn's contrlhutlon to tha literature of science includes slaty 
pepere and six books on the philosophy of science. His cajor contributions 
uere his Logic of Modern Physics (1927) , The Mature of Physical Theory 
(1936), The Intelligent Individual and Society (193d), Reflections of a 
Physicist (1950), The Mature of Soste of Our Physical Concepts (1952) 
and Tba VJay Things A.re (1939). He also urote a uldely usad textboc^ of 
physics and a number of other scholarly works. 

He becane Professor of Physics at Harvard in 1919, Hollis Professor 
of tlathetaetics and Hatual Philosophy in 1926, IMlverslty Professor in 
1950 and retirad as Professor Eoterltus in 1954. (35) He was voted Kobcl 
Laureat of physics in 194& for his high-pressure work. 

Professor Bridipain died on August 20, 1961, by his own hand after 
discovering tlmt he had an incurable cancer end only a very few stonths to 
live. Be had long before decided that one should choose his own fora of 
death if faced with a predotalnantly painful future. (34, Holton) 

His last words to society were found In e note written on the day of his 
dMth; these were, "It isn't decent for Society to caake a man do this 
thing hlBself. It is probably the last day that I will be able to do 
it." (34 Holton) It Is, perhaps lllunlnetlng to know that, on the 
day before, the Harvard Press received the index to hie last book<"*he 
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cocaplctcd th« vork he had set out to do before he allowed himelf to 
consider his personal situation. 

Bridgtoan i«s charactcrlrod by his enemies (philosophically speaking) 
as "blockheaded and stubborn" but by GK>st people "as a een of principle^" 
and by a friend as "a toughminded apostle of ruthless logic . . . fierce 
in his inner disdain of sloppy or wishful thinking." (34, Keeible} He 
certainly was not stubborn in his philosophy of science for, to hica, 
the term "operation" underwent quite a transfortaation from its first 
appearance la 1927 to 1959 in The Wav YhlnKS Are . This term In its 
earliest interpretation meant a particular physical operation performed 
at a particular tlate, whereas by 1959 it had changed to include laental 
and verbal operations. 

Brid^^n's Intent was to give physics a solid foundation on which to 
build its theories. He did not intend to begin a "school" of philosophers 
nor, originally, to apply the operational definition outside of physics. 
When faced with the large group of folloi-iers he hed acquired he said, 

"I fear that 1 have created a Frankenstein which has essentially got 
away from me. 1 abhor the word operational ism ... which seems to imply 
a dogma, or at least a thesis of some kind. The thing I have envisaged in 
too simple to be dignified by so pretentious a name." (34, Holton) 
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II, OPERATIQHALISM 

While Srldgcien mighc heve wished thet his philosophy be oi such 
simplicity I it is evident thet even in its basic preposition it is 
complex. In feet, its foundations can be traced back to Etspiriclsss/ 
Fras^tlaa and lx>sical Positivism. 

Bridgnen devised the idee of operations as definitions for one 
purpose: that is, to give sciciwe end especially physics a solid 

foundation upon which it could rebuild the edifice of confidence 
destroyed by Einstein's Speciel Theory of Relativity. (6^ p.l) The 
characterisations of Operatlonalisai by Bridgman run from a oarrot^ 

Insistence on the physical operation to a much more lax inclusion of 
mental and verbal operation. The first definition of Operationalien was, 
in 1927, that "The concept is synonyioous with the corresponding set of 
operations." (6 p. S) In 1934 he seld that meaning can only be found 
in operations (9 a, p. 103) and In 1938 he discussed the conditions for 
the determination of meanings, calling operations necessary but not 
sufficient conditions. (10, p. 116) Finally, in 1952 he said that meanings 
have more aopecta than the one given by the operation. (11, p. 257) 

Pros the above, It can be seen thet Bridgaaa's view of Operational Ism 
changed quite radically as his concepts siatured. The last characterisation 
admits of mental, verbal a:td "pencil and paper" operations as veil as 
those which are strictly physical. The foroer, however, were never trusted 
by Bridgman as iopllcitly as were the latter. 



^ 15 






•J U 












•# » 






mam *a M W «m 4J «tj U>iy»4 

* 

AAIm a W ■nil ««it« 0* ,al #*ilt >Mi^i 

Mftalaaa i. aaiUU ^i Ulii^rr «|^ ij Alte «i<«* 
afl « ffliWllflJ lO Caiaa^ If W^CTSSa^ 

|J> w >l* fl |if| iat mmmm ^mm m ^ laUiiw^ f»la«M Mi m 
«l au <^Aa« Mi* %I 1 fi . U n O «. 

*«) ^4 «l iCU M *M i<-l4Jf •% «a f} VMIMiVa Ml 

jm imii 0m^rnwmm m^iiM ,t|.r*lrt— r t« fcl^wMrtaiij ^ 

agi^^w J«<rr J4M Af K«1 «^l I«4;«i|l« 0»U («U i-i-iTifnif — - — - 




5 



But otttt my ask> «h«rc is his basis for such a trust ia the physical 
opcratloa? To aast^er such a question, it becotacs necessary to look to the 
foundations of Srid^aan's Operationali^* 

The first thing that Bridgcaan does in his Loaic of Modern Physics 
is to establieh the eapirical nature of science, and physics in particular. 
He states, 'The attitude of the physicist axust therefore be one of pure 
enplricism ... Experience is detemined only by experience.” (6, p. 3) 

He adnits in his subtitle for the section that "net; kinds of experience are 
alvays possible,” (6, p* 2) but this new experience cannot be interpreted 
by the results of any other sore faailier experience. It must be judged 
on its owi oerita. In fact, the physicist stust becotoe, to this purpose, 
a critic of his o»a experience. He tsust watch over the interpretations 
given to his experience by theorists. (7, p. 2) 

Brldgtnen’s rationale is evident here. He, first of ail, wishes to 
avoid any taore revolutions in physics end, secondly, to establish a 
system of checks and balances to assure that theorists will not eislnterpret 
nor rate the experience as less eeaningful than it is. He points out the 
kind of thing he wishes to avoid, in his discussion of Nexfton’s absolute 
tliae. "How there is no assurance whatever that there exists in nature 
anything with properties like those assuxacd in the definition (of absolute 
tiaej and physics, when reduced to concepts of this character, becoraes as 
purely an abstract geoaictry of the mtheeatlclans, built on postulates ... 

If we exaaine the definition of absolute tine in the light of experisiont, 
we find nothing in nature with such properties.” (6, pp. 4-5) 
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I£ »« Half: oaraclves to eosccpts which w« can d«£ln« In terns o£ wliat 
«« can see, f«ol> taste^ soelt and hear^ or what we can oeasure^ which 
Is Barely an extension of sense, then we can, at least, be sure that the 
concept which we define In terizs of these sensibles cannot be cocapletely 
overthrown. Errors can be corrected, to be sure, but fuadooental revision 
Is not only uimecessary but unchlnkeble* The shock of correction my 
still be present, but we should be prepared to accept correction as a 
oattcr of course. If ve define for exsctple, the concept ‘length" by the 
set of operations by which we detenaine length, we can never be said to 
ba coBplatcly wrong, as were those who defined length absolutely. A tern 
is defined, Bridgmn said, wiien the conditions under which we can use that 
tern are prescribed and when ve oay infer fr^ the use of the terst by 
another that he is also limited by the saiae conditions. (31, Brldgnan) 

Thus Bridgman is forced to conclude, in eccordatfce with the other 
espirlcists that aon«cxperlontlal concepts are raeaniaglese} lie “recognises 
^ i. Pglogl principles which detertaine or Halt the possibilities of 
new experience.” (6, p. 3) This indicates that we taust, in no way, 
pra judge either the content of scope of our experience; ve Boat take 
experience es it cooes. Traditionally it baa been stated that the basic 
principles of natheoatics are jf priori (Kant) but Bridgman rejects this 
along with Locka, ihaee and the others. He states that mcheoatics is 
“e human Invention" (6, p. &0) and "as truly an ee^lrical science as 
physics and chemistry." (7, p. 52) In his definitive work, A. C. Benjamin 
classes these statecaeuts aa "parhaps Incoapatible." (5, p. IB) But It 
seems as though these statasseuts (Including the first) can ba thought of 
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«• e<iuival«ntj sMMtnla^ Ch«e Mtheswitics Airoae (just as did physics) 

Invtmtod by mn, as an eld la understanding eaq^erlentlal nature. 

Xncorapatibls or not, however, both stateasents ground oathecaatlcs la 
experience, and reject the a priori . lut Brldgtmn does not give further 
explanation of how to reject the rest of the treditiooally a priori ideas. 

With his rejection of the £ priori , Aridgaen begins his attempt to 
reconcile the objectivistB he feels to be necessary and the creativity 
Im feels the scientist gives to his experience. On the one hand he seys 
"the only possible attitude toward the facts of experience as it unrolls 
is one of acceptance.** (7, p. 15) On the other hand he argues for the 
relativity of knowledga, and the relevance of the husian viewpoint. (11 a. p* 5) 
Ihicli ex>re to the point, &:idg&«n says ‘*I can never get outside of myself} 
direct experience esibraces only the things in my consciousness— ' sense 
istpressions of various sorts and various sorts of cerebrations* -and 
naught else ... science is only ray private science ... 'public science* 
is a particular kind of science of private individuals." (7, p. 14) 

Further along he states ... “every indlvlduel nust be his own judge of 
what ha shall accept to be satisfactory evidence of competence in another." 

(7, p. 14) This position is thought by Bridgman to be solipslstle (a 
philosophical position that all one's experience, including the secondary 
way of experiencing through the experience of others, is a product of one's 
mind) and concluded that "we have got to adjust our thinking so that it 
will not seem repugnant.’* (7, p. 14) Bridgman, moreover, wes never able 
to reconcile these two positions in his later writings. 
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In his objttctivityjr howsvsri 6rld£;scm v«s an extremist. He 
completely restricted the operation to a set of particular circ^stances. 
These circumstances cotepletely define the concept and, In fact, a particular 
coneapt, never the uoiversel. In his emphasis on particularity Bridgssan 
follcvs tha narrow Interpretation of etapiclcims. He says “Operations are 
performed by human helnss in tiise and ara subjact to the essential 
limitations of the time of our experience— • the full neanlng of any term 
involves the addition of a date-'>£uturc operations mean nothing except 
as they are described in terms of operations performed nov.*^ (7, p. 16) 

Some authors would Interpret this statement as meaning that operations 
are not strictly repeatable, (5, p* 20) but it would seem that another 
Interpretation Is eaore believable. Ue might understand Bridgman as 
saying here that future operations must be described in terms of primitive 
operations (those upon which primitive concepts depend) and these 
operations, it must be realised, arc performed now, being based on other 
concepts defined by past operations; neither the present or pest operation 
can be assumed to be valid in etemuo . 

The sain emphasis on particularity which should be brought out 
here is Bridgsiaa's doecrlption of two operations which are, by their 
very nature, different and vihich have as their definiendum the very same 
concept. He says: 



If we deal with phenomena outside the dtxaaln in which 
tm originally defined our concepts, we may find physical 
hindrances to perfoming the operations of the original 
daflnitlon, so that the original operations have to be 
replaced by others. These new operations are, of course, 
to be so chosen that they give, within experimental error, 
the sasM numerical results in the doastln in which the two 
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amts of opsrationa nay be both applied; but vx taust 

recognlee in principle that in cliangltts the operations 

ve have really changed the concept, end tliat to use 

the easie natae for tlie different concepts over the 

entire rmagm is dictated only by conalderatione of 

co33Vcnience, vhich aay soaetiiaes prove to have been 

purchased at too high a price in terns of un^biguity* (6, p* 23) 

The second school froo which Operetlonalleo takes sooe basic ideas 
is PregiaeciaB). The nein pragiaetic tenets used are e esipiiasls on 

vorkebility and an expressed need for clarity. 

Bridgpan would take issue with one pert of the clarity issue and 
that is the pragEoatic unity of ideas. Bridgjaan insists that we can 
never had the saiae concept defined by different operations. At sons 
tiiac in the future the concepts my be shovix to bo equivalent, but this 
can only be sboun by an operational test. **Thus when we use operations 
to clarify all concapts, and when these operations have thanselves 
becoiae conceptualised we use further operations to clarify thea.” (5, p. 34) 
Thus tlia only appeal open to us is the operation. 

Ikridgmn's pragsiatlsm also declares that the operation must be 
parformbla. Uis attitude is one of “let us try it end see.” If the 
operation is not one which works In the laboratory then all we can say 
about the concept la that it is not daflnad by this particular opsratl<m. 

Truth, however, la treated somewhat differently, by Bridgman, chan by 
other pragmatists* Daway, for example, accepts the operational nature of 
definitions <16, p. Ill) but for him tl» truth of a statimacnt consists in 
a realist's sense of “correspondence”; chat is, a stat^sent la true when 
it corresponds to external reality. For Brldgaan, a statasMnt is true only 
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after Che operation has been actiully performed and shown to have reaulta 
vhich confirm the sCatcaeaC. SCat«senc5 prior to Che operati^M?. cannot 
be adjudsed true or falae^ but only meaninsless . In his discussion of 
this subject ho loentiona the problcn of the transcendental nature (a 
root of no algebraic equation) of 'T^ . ’*TIie proof that ^ is transcendental 
was gives In 1382. In 1881 was this a true statesicnt^ ' IT is either 
transcendental or it is not'? The operational position must be that this 
^la8 not a true etatcoient in 1331 > but that It did become true in 
1332." (7, p. 43) .{otictt here the validity of the Esatheaatical proof of 

the transcendence of tT " a pencil and paper operation. 

?roc! Che stricter fora of Ks^iricis»> that of Logical Poaitix'iam^ 
Bridgtaan dravs his rejccCion of all things Ejctaphysical * A caotaphyslcal 
stacement is meaningless to dridgman as Is a stateoent of a nystical or 
theological nature. Ihe also atteapts to elininace the "unnecesoary" 
concepts in the vorld, defining these as the o:\es \ihlch cannot be tested 
operationally. 

How tliat ve have aeon sonethins of the background of Opera clcnalistS/ 
let us try to expose the presuppositions that usxderlie all of 2hrid^;jsan's 
philosophy. It is by this method Chat modern analysiscs begin to see 
the weaker points of any philosophy they are trying to dissect. 

The basic presupposition that Brid^Den tasKcr is that experience 
is Cite cmly source and the ultimate guarantee of knowledge* (5> p* 13) 
Sensation has alv^ays been criticised by philosophers as incapable of 
testing fundaaien tally basic ideas* Frost Brldgcsan's point of viev^ 
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experience la aeasacioa plus ectlvicy; there coust be soae kind o£ doln^ 
to detenaine whet ve laeen by «n idea we express* For Brldgtsan there cen 
never be any sMtanin^ful idea that is not operationally actively defined. 

The concept "length" has no Dccning apart frost the operation used to 
owasure it. ii^ien this word is used non-experientialy then we can no 
longer be sure what it oeans. 1£ lay neighbor saya '^y hasn't it been 
a long day," X lalght not agree at all. 1 lalght feel tliat the day haa been 
all too "short." The use of the word Icmg here certainly conveys soao 
idea., that siy neighbor is tired, bored, or sooehow or other affected by the 
day's passage, but 1 can never be quite sure in vhat way, or hou "long" 
the day lias been for hia. 

Another presupposition that lauat be examined is Brldgsian's purpose 
in presentating Opera tionaliam. Is he trying to describe the process of 
obtaining trustworthy knowledge in science, or is he presenting a way of 
knowing in general? The later Eeiplrlcists liave taken the latter view 
and developed Operationalism from that point. Bridgtaan, however, 
empiiaslsied that he only saeaas to do the former and is quite mphatle in 
his denial of other intent. <10 a., p. 114) The c(»iclusion should be, 
then, that Bridgman has the attitude of the experltacntalist here also} 
he seams to feel that to try to apply the results of such a philosophy 
of scietice can only result in something better happening to the "scientific 
method." It is not to be a static or absolute philosophy, but one which 
seeks critical analysis ecpaclally in the field where it is strongest and 
most confident, the concepts of the scientist. Brldgma felt that other 
disciplines, for example the social sciences, might well benefit by some 
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cricerlcKi such as ths oparatlon^ but It \ms aot his purposa to establish 
oue for anything but science. 

The operation then is Srldgeaen's most basic Idea. It is a pcrforsable 
activity by »hich t#e can define e concept with the reasonable certainty 
that we will not be shown to be completely "off base'* at ootae time in 
the future. The operation defining length is t!ie setlted of oeasureiseut, 
i.c. meter stick length, tr^igaleti<m length, optically measured length, 
etc. lioceover, mss is defit^d, by the type of operation, as gravitational 
mss or inertial mss. If operation can actually be perfortaed to define 
the cosscept, then, nay statement about the concept is BNeningless . ttotil 
the existence of antl'-mtter particles vas desaonstrated in an enperiment, 
statements about this concept could neither be said to be true nor bo 
denied j end when this is the case, the statcawnt should be treated as 
meaningless chatter by ignoring it. When the operation w«s finally 
performed, then s<»a«thing said about the concept could be adjudged as true 
or false. 

The "operation" has been ctofined, however, by soiae of those who toc^ 
up Bridgman's point of view es specifying the procedure for identifying 
or generating the definiendun and finding hit reliability for the 
definition. (IS, p. 462) Others have said "We say of a scale tliat hes 
beon standardised to measure public opinion, 'Public cpinlon ia what this 
scalo meusttres.' This is then tha operational ckflnition of the concept 
public opinion." (14, p. 156) 

But this last definition Is merely a tautology. If we substitute 
the words 'Mingle factor" for "public opinion" that statmacat is just 
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as Kseaniagful as it is in its preseat £om. But even ]foid;ptta realizes 
hou close oue coaes to tautology if oca tries to specify too isuch about 
the Gperatioa; ami/i£ one tries to avoid tautology by saying Icss; he 
finds that he says nothing vorthuhile. 

As can be seen iron the abova> the tera "operation* can have 
differant tneanlngs for cmny people. The sManing^ for our purpose here, 
i»ill be taken as Ihridgmn raaanc It in his later oritingi i.e., the 
operation is an activity, cithar physical or pencil and paper, by which we 
define a concept. These activities ere listed in descending order of 
trustworthiness and the physical operation is always preferred. 

ikni that we lieve defined the term x^e can £pon to the discussion of the 
difficulties one encounters when trying to use this philosophy. 

In the first attempt to use operational definitions, one finds 
hiciself restricted to defining a "here and now" concept. One can define 
a particular length or a certain mass under tha conditions prescribed by 
the present titne and location. One <umaot say tiutt one is measurins 
length or mass, only that these measurements are applied to this length 
or this mass. 

An example of the redact io ad absurdun of operatioaalisst's insistence 
on particularity is given by Franz Aldar. (I, p« 440) He suggests tiiat we 
try to define, operatlcaxally, a cartain concept which tie calls "C^" to 
avoid confusion. The operation is the sumraatlon of values obtained by 
listing and scoring the response of an individual to certain questions. 
These questions ask for the number of hour a of sleep on the previous night. 
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hift oplaion o£ fri«d liver ^ Che estimced length o£ his nose^ whether his 
grendoother cooked red cabbage with epplcs; etc. The rate" is cotsputed 
frota a very long series o£ these easvers involving highly coe^lex laathesaetlc 
forcKslations including the number of weeks the test is re|>eated; the number 
of individuals involved, environa*ental effects, correction constants and 
furtlier conelderatlons. The resulting function is a most coEeple:!: one 
Involving fakny of the mathematical tools with which the scientist is 
faatlliar, and, really looks like a ’'carefully derived scientific concept.” 
But what is the concept? Pure and unadulterated nonsense 1 Yet we have 
operationally defined G^* 

So it locks as though there must be sosie other criterion applied 
rather tiun particular operations. Bridgman never discusses what else 
is necessary in deciding whether the operations really do define a 
meaningful concept, and how the decision Is made. Is this also <k»ie 
operationally? 

The operation, according to the etaphasis on particularity then. Is 
not repeatable in the strict sense, but <mly approximately so. Thus it 
la impossible to defltie g<»3eral concepts operationally and these loust 
belong to the realm of metaphysics or other areas equally mysterious* 
Science, however, uses general terms as frequently and with as much 
confidence as do the other disciplines. Therefore, any philosophy of 
science saust allow general terms and indeed must sot some criterion to 
determine their value. 



The second difficulty in this area, which follows frc»a the above, is 
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the raultlpllcetioa of concepts by different operetions, end this is the 
difficulty with which this peper is prisierily concetned. &ridigmn felt 
that one could not define the seiae concept with two different operations; 
gravitational mss and inertial mss are &>easur«d differently, so they 
should be presented as different concepts by using the specific prefix. 

In fact, even if the two operations should prove to be identical in the 
future, the distinction must still epply. The following is Bridgman's 
own statecient of the case: 

We must always be prepared s<xbc day to find that an increase 
in experimental accuracy may show that the two different 
sets of operations which give the same results in the store 
ordinary part of the doGuia of experience, lead to measurably 
different results in the more ueifasiiliax parts of the 
donsaaln. (6, pp* 23*4) 

It would seem, hm«ever, that Brld^nan Is avoiding part of tiie 
respemsibility tliat he assuoad when he espoused Fosltivlm. It is 
the etteapt of tills philosophy to get rid of all unnecessary concepts in 
accordance with the principle of Occea's Saxor* k philosophy of aclence 
should, it seems, pare the conceptual klngdon to tlie core of basic essentials 
rather than Invent a (sultiplicity of concepts to correspond to each item 
of experience. 

This brings us to the third difficulty we encounter with 
Operacionalists's basic postulates; they are not complete enough to carry 
out tlie practical application of Oparationalissa. 

Bridgcmn has not nor Indeed liave any of his followers even atteaspted 
to classify operations bayond hia "physical" and "pancil and paper" 
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distinction. Ikit in soo« cases it seems there cannot be « separation 
between the tvo types because they ere both Involved in defining a 
concept. It is impossible to make any jud^stent, moreover^ on the goodness 
or badness of our operations, which firidgiHin uses as his criterion for 
trustvorthlness because «e luiva no rules to follow. (10 a., p. 126} 

Furthermore, there baa nowhere been saade a distinction between 
symbolic and non-syisbolic operations. Certain operations produce symbols 
or give meaning to symbols (such as the height of a coluten of mercury in 
a cherBxxseter) . Other operations ara non^aymbolic, especially physical 
operations, such ns the determination of the temperature of a gas. It 
can be seen that these tvo operations are not quite the same, yet is one 
more trustworthy than t!>e other? We don't know vhat answer Bridgmen would 
give* 



In spite of the inccKH^leteness of Operatlonalism, it is quite evident 
to the scientist and engineer that it is a step in the riglit direction* 
Scientific concepts do need sotae grounding philosophy to determine which 
concepts are to be trusted and vbich rejected . j^ldgman refused to classify 
his oj^ratioR as a basis for a theory of knowledge, yet a theory of 
knowledge is needed for science. 

Certain teiMts of Operstlonalisa are being used in pi'actically every 
phase of science. It becomes evident in physics in the may operational 
prefixes one finds and it has been said by en electrical engineer that 
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"w« go Along vlch Srldgsan in sooe voys.'’ * Even in such %n anlikely place 
as tha Frocee^ln«;s of tba Institute of Radio Engineers one can find 
reference to Operationalise. In an article on circuit theory the 
follculng appeared: ask net only that a set of conditions (for 

a given type of network) be sufficient but else thet it be opereti<»ial, 
in thet the conditions actually prescribe e neans of synthesis for the 
network in question ... Furthermore ... that the conditions be stated in a 
fom readily tested ... (36^ p. 866) 

An ett«!^t to present a aodlfied Operational iso has been made by 
A. C. Benjamin. (5j CHuip. VI) He gives fourteen points which oust bo 
considered by any '’generalized Operatlonallso.” The es^hasis on clarity 
and certainty oust be retained of course, but knowledge is zaore than 
experience, there mat be room for both induction and deduction, 

(scientific theory contains both). Further the workability of the operation 
Is a natural criterion for validity. Benjamin would like to include in 
the Idea of workability the distinction between ’’operationally defined 
constructs” or concepts derived from actual operations, and*'hypothe8es'*, 
and to allow the latter at least sooie value as potential constructs. 

The operation lus its place in this theory of knowledge as t!ic "activity 
par formed" on Che "sofflethitig to be known"; thus all non^opere clonal 
thinking Is "leposslble by definition." (Benjamin* a use of the word 
operation itere differs little from the later Eoplricists use of the word 
experience. If non>operetional Chlctking is Impossible, how can he 

* Statement of Professor Paul Grey at oral presentation of this thesis. 
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explain mctaphyalcal or religious chlt^kln^ unless he vlahes Ctiat these 
too are called experiential? Sotie people would agree ^ if this is the 
case^ thet raetaphyeics is grouaded in experience but is an abstraction 
£roa it.) The operations are classified, unlike the present situetlon 
into discrlsainatlng, (’‘Inspecting," ‘’discovering," and especially 
"tagging") which creates a symbol; associating, by which oamea for things 
are devised and given meaning by combining particulars; generalising, 
whereby "classes are associated by rcsedblance"; and ordering, by which 
series are symbolised and defined. Benj8rain*a last point, the most 
liaportant as far as we are concerned in thia paper is that cseesureeent 
hea a two-fold nature. Ha calls the first the "fandetaental" taeasureaieut 
whi<d) does not depend on other cteaatarod values for its "mctrlclzatlon," 
and the "derived" tsaasuresient • The fundaiaental laeasurooient would indeed 
require the creatl<m of a new concept of each operation, but the derived 
{seasureaent la only an alternate way of maasurlag a concept already 
introduced. 

In Che next section of this paper, we stiall show chat this 
dlatlnctlon should indexid be mode at least in one special case, and that 
the two completely different operations we perform do indeed define the 
same concept. Thus this paper attempts to slaw a basic operational test 
e£ one of Bridgman’s wain points. 
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m, EtiGIiiBSRK«3 VWOlSmi 

Before cnccrlns Che taein bo4/ of the probleia with date eveluAtlen^g 
ezxd necessery saethCMaetloe; it is no doubt foropoa to introduce the 
reeder to the field of theriaoelectriclty. 

In the I9th Century it has noticed that certain sietals exhibited 
sooMi rather strange properties* These could be oede to establish a 
tesiperature difference between their ends if an electric, current were 
passed through them* Th^ sign of the teaiperature drop was a function 
of both the type of laetal and the direction of the current. Moreover^ 
if a t«aperature drop were imposed across the taetel (e.g. by heating one 
end) then electric power could be generated if it were electrically 
connected to some resistive load. Later the setae property v»s exhibited 
by iseterials which were neither conductors nor insulators of electric 
currents* These naterials were called sealconductors^and the strange 
property noticed in the netals earlier was greatly enhanced in thoa. 

KlMia it was found chat the semiconductore could be taadc to show these 
properties in e controllable way by adding siaall osiounts of itapuritics 
(called doping the matariaL) a practical future application was foreseen 
for thea. When a scsoiconductor is doped with on electron supplying 
loaterial; the testperature drop across the oaterial induced by a current 
is in one direction* Vihen a '‘hole” producing dope (that is an tepurlty 
with a vacancy in its valence ring) is added; the temperature drop is in 
the opposite direction for the setae current direction* Thus it 'ms seen 
that by doping one piece of semiconductor with electrons (n-type material) 
and another with "holes” (p'type msterial) and putting ttie pieces together 
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•lectrlcally &ad thers?ally, a much larger tesmperecure drop could be 
Induced by e current^ or siucU aore electrical pouer supplied by heetiog 
the end of such a device* 

The devices vhich perfom these tvo functions are called respectively 
theraioelectric pusips and theraoalectric generators. See Figure 1. 

The heat puap shown in Figure I in accordance with the Seebeck 
effect absorbs heat at the upper junctions and gives off heat at the 
lover junctions thus setting up the teeperaturc difference. The equations 
dafining the Seebeck coefficients at the junctions arc, in differential 
form 

exc'- 

where the subscripts c and h refer to cold and hot junctions and Vo is the 
open circuit voltage measured across the beat ptjnp. In the heat pump we are 
Interested in the temperature drop when we impres!^ a voltage across 
tbs sanaple by passing a current through it* In the generator we are 
interested in the voltage drop when we impress a temperature difference 
bett^een the ends by heating one of them* In this paper v>e shall limit 
discussion to the hoat*puQp device. 

The problem that we shall attempt to solve here is to devise a method 
to measure the resistance created when the two types of semiconductors 
are joined by means of a conductor. This so-called contact resistance 
appears evan t-ihen «a join two conductors together, but most of the time 
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It is too SDNiXl to masuro accurately* The reslstai^ca in a satalconductor -> 
conductor contact theoratlcally should ba iadepandaat of the area of the 
contact but In fact is not. <27^ p. 161) The larger the area of the 
contact the greater the probebility of getting aoee area of poor contact* 

Xha high current d^slties required in a device of this type denend 
e feirly large area for the contact, and this Is one reason vhy the 
contact resistance for these den^icea Is 2-3 orders of nagnitude greater then 
soldered copper coatactSf and thus easily acesurable* 

Contact resistance Is undesirable In a therraocle‘;trlc haat pu»p for 
a nuaaber of reasons* First of all, the contact resistance vtastes power 
which could otherv^loe be used for refrigeration. The power wasted is 

? » 
w c 

Since the current 1 is large, even ssall values of Rc cause significant 
wastage. Evea more is^iortant, the wasted power appears in the form of 
best at both contacts. We would not talnd nore Iteatlng at the hot ccMatact, 
but at the cold contact any heating effect is undesirable. If the 
contact resistance is large, thevk the hcetlng can complatcly negate 
the Feltlor cooling. * 

It can be seen tlterefore that title problets has a practical nature as 
wall as applicability to tills thesis. If we can measure the contact 
resistance accurately, we can then begin to eva lusts saecerlals and iwethoda 
of taaklng contacts to mtainlse the reslstanca. The sieasarcstent applies 
to the thesis because we shall use two methods of measuring contact 

* Host of the devices built here et H.l.T. for B.S. theses projects have 
failed to work for this reason. 
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rttslsCanctt Id thi« case* Tha nethods used aro not equivalent and it sliall 
l>e deatonstrated, operationally^ tliat these tuo operations define the same 
concept* 

Previous atteiopts to measure contact resistance have varied from the 
suhliiaely sophisticated to the extremely naive. Engineers concerned ulth 
the problem have concentratadj for the most part, on the Instrumentation 
■.necessary to loeasure small values of voltage, and this la leportant for 
small resistance. Tha contact resistance has been measured In most 
cases by a voltage vs* distance tabulation and graphical plot uith a 
microscope to determine the location of tha conductor-semiconductor 
interface (tiie graphical discontinuity at the contact is R^) . Other 
techniques have used a sliding probe to plot voltage vs. distance measure* 
meats on an X-Y plotter and than extrapolation to find the contact 
rasiataucc; (19, p. 144) in another case the measurement was made by 
attaching probes to the material and measuring tlie voltage on the 
probes. (17, pp. 1-4) Other less sophisticated techniques have included 
Bteasuring the total resistance of a semiconductor, then remeasuring the 
resistance after it has been cut and a contact Inserted. (27, p. 161) 

An even more naive method is merely guessing at the value from device 
perforiaince . (17, p. 3) 

When one inspects each method closely, one finds inconsistencies in 
the reported data that lead the engineer to mistrust the entire method. 

In today's most widely used method, tlte basic procedure depends on 
exact knowledge of the location of the contact interface. Tlui contact 
must be located exectly because we measure the voltage drop between the 
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conductor «nd the voltage probe. Any iMterial between the conductor 

and the probe vlll add a subetantial voltage drop to tl>at caused by 

the contact resletance* The voltage drop caused by the aesslconductor 

mterial cannot be knoun very accurately because o£ the naterlal'o 

InhoiBOgenlety. Thus the accuracy o£ R depends heavily on the eccoracy 

c 

of the location of the contact. This has been published as certain 

within 0.02 SKQ. This figure indicates a raeasur«sent uncertainty of 

-3 

.02 tan tlees the electrical resistivity of the mtcrlel (10 ohci cm) 
or + 2 X 10 obes. However > this accuracy presupposes that the Interface 
ie in the sasic vertical plane all across tha end of the laatcrial. This is 
not necessarily the case because of bubbles in the solder, plating over'* 
lap, flux layars batween tha solder and scoilcoaductor , and dassage to 
the sealconductor face because of heating. One, therefore, oust ask 
whether It is absolutely necessary to detarmlne tha location of the 
Interface with more than noalnal accuracy. 

The results published for the first of these aethods have stated a 
measured contact reslssumce of I BsicrO'Olwe 4 5X with typical values of 
10 micro-ohffls . When one reads further In the report, one finds that 
the value of contact resistance varied by * lOOX as It was measured in 
different planes around the periphery of the semiconductor. (27, p* 157) 

The methods proposed herein by-pass the problem of locating the 
contact interface, and thus should be itiore useful in the long run. 

The instrumentation required for the first method is uncosipllcated and 
should be available to any organisation that is enx^ged in research 
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aloas these lixtcs. See Fij^ure 8. The secoad method does require more 
extensive Instrunentation end more cere In the actual operation. 

The semiconductors used In these nteesurements (Bi 2 '^^Iodlne doped • 

No. 1053 and 3e^ 'Te|jg<juat«nary lead doped No. 10S4) arc 

cotaaonly used isaterials for thcnaocXectric cooling devices. See Figure 2 
for e sketch of the seaicoaductor Ingots. The ingots were cut vith a 
high-speed rotary diamond wheel cutter with water cooling. (The Ingots 
were cecented on 1/4 Inch plate glass strips with sealing wax) . After 
cutting and discarding shattered pieces (Mo. 1084 was extrmely brittle, 
also see Figure 3 for cut on No. 1053), we taelted the potting wax from 
the msterial vith a rocci temperature bath of a 50/30 aceteme and alchohol 
mixture » 

The semiconductor slices were then lapped on a wter-wetted polishing 
plate until the ends were polished bright. The material tass next washed 
with trl-chlorctbylenoj sandblasted, washed in succession with acetone, 
alchohol, distilled water end again with acetone. The last step was to remove 
eny trece of grease of fingertsarks over which nickle plating will not take. 

The sables were electro-plated until a nickle layer of a f&4 mils thick- 
ness was cstitaated (from reaction rate) to cover the end of tl« semi- 
conductor. This plating is another source of error, caused by the nickel 
overlapping the end of the material and forraing a conducting layer around 
the outside of the semiconductor confusing contact location. 

The next step in the preparation of the material wes, at first, 
wetting the ends of the plated semiconductor with 60/40 lead-tin solder* 
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(jLftter in th« process vhs discovered t'Mt, before soldcrlns^ the length 
of Che mterlal must be taeasured^ After wetting the ends, the oaterlal 
end a tinned ctmCect were placed In the solderini^ jig designed end built 
for thla purpose. See Figure 4, Again, later in tl»e process, we 
discovered tliet die solder joint was better If the pressure upon the 
couple while soldering was just under timt for osaterlal fracture, so 
we did subsequent soldering in a press, increasing pressure as the 
contact was heated. 

The first runs were discouraging because inadvertently we had 

obtained natcrial of ejitreracly different volu«e conductivities. At 

this point the resistivity curves were being oatrapolated to Che edge 

of the contact on either side and the discontinuity was ntensured at 

tlmt point. The discontinuity Chen is a function of the slope of the 

line and total distance between the actually ecasurod voltages. The 

•ethod was not yet sophisticated enough to handle a difference in con* 

ductivlties greater than 2. A gaoraetric analysis was oade to detsralno 

the error induced as a fuaction of conductivity differences and this 

showed a liraitation of the factor of 2 for lOX error. As we shall soon 

sec, this linlt no longer holds. 

'K 




^ — 4 ' — 



IT 



l4t9^v «#« »<3M^ ^ r ^ taiMUm s 

tliMf iif» %mvM^ fli .^rvi -*tiU3m «gtA cST W>«*9 • ^ 

m* iwa i 4 i v^%i ,#u* « » i > 4 V 

m. 1 ^ M »J«t|^ ^IIK «.t| 

tm ^•*S¥Wt(9‘' 3^ntmmrn -^.r H««^ •#* * t 

flOj j£ f-Lwcc--* -t .. *« ^ Att >■ 



^.m' mm ->-•>» • H jUfa -O i — m. MtT 

» . •»»/• * «fM • • 'r» 1 *':» r^i***^* * »• 

;*»• — *4 -4 4 ^^ .♦►.’•♦i ••4 f . *40 

ii. ''^ tmt tu* f *«i 4 *Ai~* . ^'4 

MLJ t’> •v « p > °» *‘t 4i^^iu *’ *i * • 'i 

p# 9 »«^ 4 *^ Q^|«LJtt 4 a 44 !•*•< IM <•-»*( 

*1 *^~ » — ♦ 1 ifc n hiAmA^ ^ <|ippiMaB *- 4 ^ r^k 

iuJk 4 «hz*:. oj a>«aih 4 * vAi^iat xnnwNhp ^'. «4 . iiaufit^ 

4 X 1 ^ Ub .IWrV’iC/ l.VQ' • > li t( nwl I |Y ^aorill PTV pj^ 
v«» I <*i»^ m , i ^ T", 5 ^ ??»* M* »• r 4 



4,?f < I 'iJ 

f 

" UO'" ^ 3 ^^ 

n^ -V 






4 «'J 4 



I 



IjaTV'.oJ 

» 9 >V 3 0 



j yv<s »0 jr-f ^ 

- -^- I 

o 





I 



'—•t 



26 



Origlxially^ method extraly a;;ctr«polate4 chc voltag<«distanca 
plots frcxa each side of the contact to the other and at one side of the 
contact the measured difference hetoeen the carves ««es thought to be 
the contact resistance* lKaiediately»upon entering the operation, the 
geometrical aspact of error loomed large. After further enalysis, it 
was decided that when one came across too pieces of seolconductor with 
exactly the sasek conductivities or cut one piece in t^«o, then this method 
could be used to taeesure the contact resistance. 

At soBMi point or other in the process, it was decided thet we could 
avoid the problem encountered above by measuriag both the thickness of 
the center contact and of the solder. The center contact and the semi- 
conductors vjere measured with a raicrooeter in the normal way. The solder 
thickness was measured by adding up the above lengths and subtracting 
these from the total length of the "couple** sieasured again with the 
Microcaetar. 

v/hen tha curves (lliieer) are plotted, either the portion to the right 
of the contacts is translated left for a distance equal to the sust of 
the lengths of tha contact and the solder, or the portion on the left, 
is trensleted right by the seme junount. See Figure 5. Tl% discontinuity 
then is measured between the first steasured point of the contact of one 
curve to the first point on the translated curve. 

The contact resistance sieaeurcd here is actually tl^e sum of the 
resistance of both contacts, thus the measured value is the average of 
the two. It is assumed here, however, that the average contact resistance 
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ulll be close to the true value because of tlie tiethod of r:;mking tlie 
coatact * 

OsMt of results of the final technique ia presimted in Figure b. 
The total contact resistance ataasured here vas 216 ^ 10 a 10 ohias 
giving an average resistance of 108 + 5 laicro-ohas . 

error factors here are functions of instnsaent errors and 
graphical uncertainties* Instruaent error can be lield to * '2% current 
error, + 2% voltage error, + .I'S* position error. The graphical error 
arises ^ihen one draws the best fit straight lines through the non-linear 
resistance-distance carves obtaiiied* By strict mthesietlcal nethods, * 
this error should be containable within 2X* Then the total estiaatad 
error is approaiaietely + This method, however, will avoid the varia- 
tions of coatact resistattce with the plane saeasured, so the total error 
hara, whlla slightly greater then published figures for other aethods 
(+ 3% Me Coimell end Sehr), Is less than the errors caused by orientatlmi 
effects (variations in measured resistance as a function of the vortical 
plane used to measure it) . 

The second taatbod of oeesuriog the contect reslstence is conceptually 
quite different froa the first* It la e taeesurement of tlu» initial rete of 



* For o^aple the method of least squares which says “take es the line ... 
of beat fit thet one for which the sun of the squares of the deviations ... 
is a sdnimuti.'' 

Cf., Thomas, G. B., Calculus and Analytical Geometry, Reading, Addlsovt- 
wesley, 1951, pp. 512-515. 
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ccollria; of tha cold junction of tht heat puc;^ vheu a current step la 
Applied to Che thec^electric couple. Sea Figure I* Thla asethod atena 
from the doctoral tbeais of Paul S* Gray (20} » vhere Che equations 
describing the tranalenc behavior of the heat punp are «3erlved. 

As a result of the above ^rk, ue koou that the rate of change of 
teaperatore with current has the follmilng depsuidence: 



Thus by plotting out the curves ve find the theroal resistance (C) 

by locating the intercept of the curve; kuo»ing C and the slope of the 

line ve calculate R . 

c 

The Seebcck coefficient can ba toeasured either by establishing a 
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tamperature drop across each leg In turn and Mtasuring the voltage gan> 
erated^ or by using an '‘alpha probe’* and averaging over uany oeasured 
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values (the alplie probe :aeesureo ci only In a very smll «tea) . 

Teo^perature mensureaaente vere taade with chroiael~aIumel theinsocouples 
and a Kelchlay Micro^VoIt Asmter. tha Keithley iastruaent has an output 
asiplifier which will deliver a voltai;# proportlounl to the deflection 
cf the voltmeter. This voltage was fed into a Taras Instriasents 0>5 na 
recording galvanoiaiter where ve recorded the tes^craturo In the form of 
a line Icdted on a sKnrlng chart* See figure 9. 

As mentioned abeve^ tMs method required better Inatrumentatlon than 
the first. The device Iwlder must be store conplexiand, to avoid prohlsaes 
that could arise here^ we used the same holder designed and built by 
Paul B. Cray. (20> p. 68) Tte tcHsperatura of the cold junction ues 
plotted on the recorder; tt^a current step was applied with a r^itch and 
toeasured on a .1* acaaeter, then recorded on the chart. 

it was discovered upon trying to anaiyce tlie first set of data that 
a 20% error could occur when maasuriog the slope of the tee^rature vs. 
tina curva usiag ordinary tangent lines. A device called a tangaatotaoter 
was constructed to avoid this error. A tangentometer is a mirror mounted 
perpendicular to the loading end of a straight edg®. See Figure %he 

mirror io placed on the curve and the image and curve are linearised by 
the eye^ than a line is drawn along the straight edge. The line resulting 
is accurate to within one degree of arc (1,2%) with tiie constructed 
device. 



The first sat of data was analysed and resulted in a figure of 75 
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miovo-ol^s £ov tlte Cos&l cc^ataci: resistaacfit ol s Oeisor.i::t:vai.loa dovico 
loo>t«ii in the Energy Conversion Leboretory. This gives an average contact 
reslotancc o£ approKistately 38 nlcro-ohaa «jhlch is a reasonable figure, 
although the slope error above caade tha data highly uncertain. 

In order to cowa to any ueaningful conclusloas about the identity 
of the concepts that these two operations defioo, we bed to perform both 
SMMSureciencs on the aantc device. 

A couple IMS prepared for this purpose ond put to the test. The 
resistivity of the “p'^yp^'' taaterlal was, unfortunately, much greater 
than the "n-type,” so that the possibility of error is such greater. 
However, tl)e first method gives an average contact resistance of 103 * 10 
nicre^-obeos measured along too planes and the second method gives a 
result of 121 * 10 micro-ofata per contact. The error In the second method 
is inherently greater than the first though not necessarily so. The 
* 10 talcro*»obfQ figure given for the uncertainty In this measurement 
was calculated from the following conslderatlmxs. The Keithley meter 
is + 3% full scale accuracy; the Te%ss Instruments galvaaoBteter error 
is 2X and the slope measurement Is 2X. This gives a total uncertainty 
o£ 7% over-all. There is, however, an error introduced by the caneter 
at snail current (5% at I axapore) and by convection effects on the cold 
j\mction at small camperature changes (uncertain) causing a distrust 
of values plotted at sstall values of current. This hes not been included 
In the error figures but has been Included la the uncertainties plot- 
ted csi Figure 7. The slope difference Involves a difference between 
the mean and average value of the discontinuity measured on Figure 6, 
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thus iatroducing « further uacertaluty of 5Z. Houcvor^ the values nteesured 
vltb the tvio pethods do agree ee can be seen» end this egreeaient 1« well 
witbla Che error limit set Above* 

It is uxxnecessery to point out here that this result Is one more 
thorn in the side of Operetlouallsm «& It nou stands. T\:<t different 
concepts of contact reslstenca are not required here although the defining 
operations ore different. Sridgmen insists chat^ however close the measure*' 
acuta come in numerical value; if the two operations ere not finally 
reducible to onc; titan two concepts ere necessarily defined. Here; be 
would say; one method tihtfines "olsalc contact resistance'* and the second 
defines "watt* second contact resistance." The eitglneerlng problem above 
shows the numerical result to be the setae (within the error figures). It 
also shows that one simple concept "contact resistance;" is all that is 
needed to explain the tusnerical equivalence. Scnjamln would call the 
first method a derived operation and the second fundamental; and this 
sa«iis to resolve the objection <iuite well. 

It probably is already evldant to the scientists tliat Operatlonallaoii 
has contributed greatly to clear thliihlng in their discipline. It would 
be a benefit; therefore; to science and engineering if someone devised 
a modification of Operatlonalism to answer any serious objections. 

Kr. Betijamin's suggestions as listed above will make au excellent starting 
point for any improvements. 
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la conciusloa^ 1«& li: be ronesibeircKi tfaac Cai.:: peper Isi uo£ intau<i«d 
as a e^eepiog denial o£ Oparatiosalisia’s usefulness &a a philosophy of 
aciance* BridgEiaa lias taken tl>e first steps to give science a foundation 
which is reasonable and trustworthy} and it recaius for us> his students, 
to perfect his oethod* 
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